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are abnormally expressed, but that there is also a substantial
number of genes that are not abnormally expressed. The large
number of abnormally expressed genes in cystic kidneys suggests
that there might be an abnormal transcription factor cascade that
would have an effect on a variety of genes. To investigate this, the
expression of several transcription factor families was examined in
cystic kidneys. These families included the Hepatocyte Nuclear
Factor (HNF)-1 and HNF-4 proteins. Both are expressed in liver,
intestine, and kidney. They are thought to be involved in switching
the developmental program, controlling the acquisition of the
epithelial phenotype, and regulating terminal differentiation.
While a great deal is known about the functions of these tran-
scription factors in the liver and intestine, very little is known
about their functions in the kidney.
Northern blot analysis revealed that HNF-la and HNF-1f3
mRNAs are reduced in cpk cystic kidneys at 2- and 3-weeks of
age. HNF-4 mRNA was also reduced in the cystic kidneys of both
the cpk mouse and the cy rat, at 2- and 3-weeks and at 3-weeks,
respectively. Among the genes regulated by HNF-1 and HNF-4 in
the liver are PEPCK and aldolase B, which were both isolated by
differential screening from cystic kidneys. Very little is known
about the regulation of these genes in the kidney, but if they are
under the control of HNF-1 and HNF-4 as they are in the liver it
is possible that their underexpression in cystic kidneys is due to
the underexpression of HNF-1 and HNF-4. If so, it appears that
an abnormal regulatory cascade which involves HNF-1 and
HNF-4 and the genes under their control is beginning to be
defined. It is also possible that c-fos and c-fun, both overexpressed
in the cystic kidneys, are involved in this abnormal cascade, either
directly as the AP-1 transcription factor or indirectly through the
glucocorticoid receptor. It is known in the liver that AP-1
regulates HNF-1; it is also known that Fos and Jun proteins
down-regulate glucocorticoid receptor function and that a num-
ber of the genes under HNF-1 and HNF-4 control are regulated
by glucocorticoids. Thus, a number of regulatory networks may be
misfunctioning, all leading to decreased expression of genes
important for kidney function.
The maturation-arrest hypothesis supposes that cysts develop
because of their unique differentiated state. This is supported by
accumulating morphological and biochemical evidence which has
suggested that the cystic epithelium is immature. If the state of
epithelial differentiation has been affected in these cysts, it is likely
that abnormal transcription factor cascades are responsible. It
would also follow, therefore, that the expression of a large number
of genes usually expressed in the terminally differentiated kidney
would be abnormal, and that the kidney would not be able to
properly carry out its terminally differentiated functions.
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Epithelial differentiation in ADPKD
R. Bacallao
Northwestern University School of Medicine, Chicago, Illinois, USA
It has been proposed that the gene defect in ADPKD causes a
block in the differentiation of renal epithelial cells. One group of
well characterized markers of differentiation are the intermediate
filament proteins. The expression of the intermediate filament
proteins, vimentin and cytokeratin have been used to characterize
the differentiation state of malignancies and to identif' the cell
lineage of carcinomas. During nephrogenesis in the mouse em-
bryo it has been shown that metanephric mesenchyme expresses
vimentin. Upon induction, the metanephric mesenchyme begins
the differentiation process that leads to the formation of a
polarized epithelium. Cytokeratin replaces vimentin as the inter-
mediate filament expressed in these epithelial cells. We reasoned
that if a block in differentiation occurs in ADPKD then one
should find evidence for this block in the pattern of intermediate
filaments expression in ADPKD kidneys.
ADPKD and normal kidney sections were fixed and stained
using antibodies to vimentin and cytokeratin. Sections from four
separate normal and ADPKD kidneys were obtained from pa-
tients with end stage renal failure, one kidney was obtained from
a patient without renal failure. We also examined the expression
of cytokeratin and vimentin in cells grown in culture. Cells were
grown from both normal kidney and microdissected cells lining
the cysts found in ADPKD kidneys. Cytokeratin was noted in both
normal kidney and ADPKD epithelial cells. Vimentin staining was
observed exclusively in the interstitium in normal kidney cells.
However, vimentin was also expressed in the epithelial cells lining
the cysts in ADPKD kidneys. The observation was made in both
the end stage ADPKD and in the kidney obtained from a patient
without renal failure. Seventy percent of the cysts examined
stained positive for vimentin.
We next examined the expression of vimentin and cytokeratin
in primary culture of renal epithelial cells. The cells were grown
on collagen coated coverslips and grown up to seven days in
culture. An initial plating density of 50,000 cell/cm2 was used for
both ADPKD and NK cells. In both cell types, confluence was
achieved by day 3 after plating. Second passage cells were used for
all the experiments. Cytokeratin staining was observed in 98% of
the NK and ADPKD cells one day after plating. This percentage
remained relatively constant for both cell lines even after seven
days in culture. One day after plating, 98% of the NK and
ADPKD cells had vimentin staining. On the seventh day, the
percentage of NK cells that were vimentin positive decreased to
less than 10%. In contrast, 45% of the ADPKD cells were
vimentin positive. The ADPKD cells were more likely to maintain
vimentin expression even after prolonged culture.
Intermediate filaments are cytoskeletal proteins whose function
is still unknown. These filaments do form stable attachments with
specialized cellular junctions called desmosomes and hemidesmo-
somes. The junctions help mediate cell-cell and cell-matrix inter-
actions. Given the alteration in intermediate filament expression
in ADPKD, we examined the distribution of desmosome proteins.
Kidney sections from ADPKD and NK were stained with anti-
bodies that recognize desmoplakin I/Il. In NK tubules, the
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staining is exclusively basolateral and is punctate in nature. Apical
desmoplakin staining was noted in ADPKD cells lining the cysts.
Basolateral staining was also observed in the ADPKD cells. In
order to determine whether the apical desmoplakin was due to a
protein sorting defect of a differentiation block, we examined the
distribution of desmoplakin in a human embryonic kidney. Apical
desmoplakin was observed in immature nephron segments of the
embryonic kidney. This suggests that the apical desmoplakin
staining observed in ADPKD renal cells is another manifestation
of the block in differentiation.
In cultured NK epithelial cells, punctate desmoplakin staining
was noted at the sites of cell-cell contact. ADPKD cells had large
aggregates of desmoplakin at the cell borders and in a cytoplasmic
location. Further experiments are required to conclusively dem-
onstrate that the aggregates are intracellular.
Other investigators have shown that ADPKD renal epithelial
cells express a number of additional markers that are also
consistent with the idea that the cells are immature or dediffer-
entiated. Taken together, the data are consistent with the hypoth-
esis that the genetic defect in ADPKD causes a block in the
differentiation pathway of renal epithelial cells.
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Regulation of tubular morphogenesis and differentiation
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Certain cystic diseases of the kidney may reflect defects in renal
development; some of these may be due to aberrancies in normal
renal tubulogenesis. Development of the metanephric kidney
begins at day 11 in the mouse when mutual interactions between
the metanephric mesenchyme and ureteric bud activate events
which ultimately lead to the formation of the nephron and urinary
collecting system. When cocultured with MDCK cells seeded in
Type I collagen, the embryonic kidney induced branching mor-
phogenesis in MDCK cells, similar to those induced by hepatocyte
growth factor (HGF). This branching was inhibited when mono-
specific antisera to HGF was added to the culture. Thus, at least
for MDCK cells, HGF appears to be the primary branching
morphogen secreted by the developing kidney. The expression of
HGF and c-met during kidney development was examined using
PCR. Expression of both messages were highest at day 11.5, when
branching morphogenesis of the ureteric bud begins. Immuno-
cytochemical analysis in embryonic kidneys revealed c-met to be
present virtually exclusively on the basolateral surfaces of the
ureteric bud elements as well as early tubular structures. Addition
of anti-HGF serum to day 11.5 kidney organ cultures appeared to
inhibit metanephric growth. In these experiments, perturbation of
ureteric bud and metanephric development was visible under light
microscopy following treatment with the anti-HGF serum. Thus,
HGF and its receptor, c-met, appear to be important for normal
kidney development, and, in particular, the development of the
urinary collecting system. An analysis of factors that affect tubu-
logenesis and branching morphogenesis in MDCK cells was
performed. Beginning with the observation that HGF induces the
development of branching tubular structures in MDCK cells
cultured in Type I collagen gels, but not in basement membrane
Matrigel, we defined individual components in this extract of
basement membrane and their effects on HGF-induced morpho-
genesis. Upon depletion of most of the growth factors from
Matrigel, HGF was still unable to induce tubulogenesis, indicating
that the remaining extracellular matrix (ECM) proteins or growth
factors were exerting an inhibitory effect. Each extracted compo-
nent was then added back to collagen gels, and we were able to
show that: (1) a set of ECM proteins, including laminin, entactin
and fibronectin, facilitated the development of branching tubular
structures and increased their complexity; (2) certain other ECM
proteins, like Type IV collagen, heparin sulfate proteoglycan
and vitronectin inhibited HGF-induced morphogenesis; and
(3) TGF-f3 not only inhibited tubulogenesis, but the tubules which
did form had very little branching, suggesting that TGF-f3 inhibits
tubulogenesis as well as branching. These results suggest that
a tubulogenic morphogen such as HGF and a tubulogenesis-
inhibitory morphogen like TGF-/3 can, in the context of a dynamic
matrix known to occur during renal development, modulate the
extent of tubulogenesis and the degree of their branching.
Other factors that are involved in tubulogenesis and branching
remain to be elucidated. C-met is a transmembrane tyrosine
kinase which can be phosphorylated by protein kinase C. Upon
activation, c-met is known to be associated with SH2 domain
containing effectors of intracellular signaling, including P1-3-
kinase, Ras, GAP and src. The specific signaling events involved in
HGF-induced morphogenesis are unknown. To gain further in-
sight into these events, MDCK cells seeded in collagen gels were
treated with HGF plus agents that modulate protein phosphory-
lation. Inhibitors of PKC resulted in more complex branching in
the presence of HGF. PKA activators and calmodulin antagonists
resulted in a marked decline in tubulogenesis. Protein phos-
phatase inhibition also inhibited tubulogenesis. These results
suggest that the induction of branching tubular structures by HGF
can be modulated by multiple phosphorylation pathways including
those mediated by PKA, PKC and Ca 7calmodulin dependent
kinases. These phosphorylation events may play critical roles in
modulating the degree of tubule formation and the extent of their
branching during renal development.
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